Abstract-Broadband ultrasound imaging is capable of achieving superior resolution in clinical applications. An effective and easy way of manufacturing broadband transducers is desired for these applications. In this work, a graded material in which the piezoelectric plate is mechanically graded with rectangular grooves is introduced. Finite element analysis (FEA) demonstrated that the graded piezoelectric material could achieve a broadband, time-domain response resulting from multiple resonant modes. Experimental tests were carried out to validate these theoretical results. Based upon the FEA designs, several single-element transducers were fabricated using either a nondiced ceramic or a diced, graded ceramics. A superior bandwidth of 92% was achieved by the graded transducer when compared to a bandwidth of 56% produced by the nondiced ceramic transducer at the expense of a reduced sensitivity.
I. Introduction U ltrasonic transducers have been widely used in various fields, including nondestructive evaluation and medical diagnosis. The need for improved image resolution has prompted intensive studies in developing broadband transducers. Broadband transducers not only satisfy the requirement of the improved spatial resolution, but they also offer the advantage of allowing for harmonic imaging.
A single-element piezoelectric transducer structurally consists of matching and backing layers in addition to the active piezoelectric material. Basically, any change of a component of the transducer will affect its performance. There are numerous reports in the literature that demonstrate the effectiveness in enhancing transducer bandwidth by optimizing the acoustic properties of individual components. Transducer bandwidth can be improved by:
• optimized matching or backing layers, • optimized structure design, • improved piezoelectric materials. In conventional transducer design, a basic idea was that a heavy (higher acoustic impedance) backing that matches the acoustic impedance of the piezoelectric material could achieve a wider bandwidth, and a light backing (lower acoustic impedance) could achieve higher sensitivity. But these improvements are limited and cannot achieve better bandwidth and sensitivity simultaneously. Since the 1950s, optimizing matching layers has been explored as a means of designing broadband transducers [1] . Desilets et al. [2] derived a formula of impedance relationship for two matching layers based upon Krimholtz, Leedom, Matthaei (KLM) equivalent circuit model. The results were widely adopted for optimizing matching layers in broadband transducer design. Even so, efforts to optimize the matching layer design have been continuing [3] [4] [5] . Hossack and Auld [6] reported an active piezoelectric matching layer that was incorporated into a novel transducer.
Sonar or underwater transducers, because of their large size, are more amenable for performance enhancement via structural modification. Butler [7] reported that adding an inactive compliant material in the middle of a tonpilz transducer could produce triple resonances, causing a broad-bandwidth response. The work by Coates [8] showed a compound-head transducer design intended to offer broadband behavior. Other compound-structure transducers, such as triple-layered piezoelectric bimorph and sandwiched piezoelectric transducers, often are seen in many ultrasound applications [9] [10] [11] . These works proved that compound structures of active, multiple piezoelectric layers or inactive materials may be useful to produce multiple resonances and broadband performance.
To improve or change the piezoelectric material is another approach of broadband transducer design. Traditional piezoelectric composites and high coupling coefficient materials belong to this category [12] , [13] . To achieve a particular characteristic of the piezoelectric material, usually special processes or designs are required. One such approach is to use inversion layer lithium niobate (LiNbO 3 ) (LNO) single crystal after it is annealed at 1100
• C [14] . The inversion layer LNO transducers have been shown to gain wider bandwidth than conventional transducers [15] . In graded transducers the structural characteristics of the piezoelectric material is physically changed, which may be one of the more effective and easier manufacturing methods to achieve the broadband.
Physically graded piezoelectric ceramics were constructed by mechanically dicing a number of fine triangular grooves (kerfs) into one surface of a piezoelectric plate. Graded transducers were manufactured using the graded piezoelectric plates when their kerfs were filled with appropriate fillers. The graded transducer is believed to have a broadband performance because the graded piezoelectric material has an effectively graded piezoelectric parameter and/or applied electric field that was supposed to result in the broadband performance of the graded transducer [16] , [17] .
II. Graded Ceramics and Transducer Fabrication

A. Triangular Kerf Test
Graded piezoelectric PbTiO 3 ceramics with triangular V-grooves was fabricated and tested. A hubless metal V shape blade with a 30
• angle (Disco Corp, Tokyo, Japan) was used to dice the V-grooves by dicing saw (Thermocarbon, Casselberry, FL, Tcar 864-1). The dicing speeds were 16,000 RPM at 0.7 mm per second for the V groove cuts. Fig. 1 shows a scanning electron microscopy (SEM) image of PbTiO 3 ceramic with the graded V-grooves on its surface, at which the angle of the V-groove was 30
• . Between the two V-grooves there was a 5 µm flat area, and the pitch equals 32 µm. Fig. 1 shows that the V-grooves had round angles, and the wedges between two V grooves could be broken easily. The real V shape grooves are difficult to obtain because the ceramics are too brittle. However, the V-grooves will result in a complex vibration of the piezoelectric materials, and the shape of the V-grooves may affect the radiation pattern of the acoustic field.
B. Rectangular Kerf and Partial Composite Design
Because the V-groove kerfs of the graded piezoelectric plate have to be diced using special blades, the slope of the triangles might affect the acoustic field distribution. It then appeared that rectangular kerfs might be an easier way for producing graded piezoelectric plates. Rectangular kerfs were diced on a surface of ceramics with a depth that is less than half of the ceramics' total thickness. After the polymer filler was applied to the kerfs, the resultant active transducer material consisted of one-half of 2-2 or 1-3 composite and one-half of monolithic ceramic, effectively forming partial 2-2 or 1-3 composites. In this study, circular plates of PbTiO 3 (PT) ceramics (EDO Corp., Salt Lake City, UT, thickness = 150 µm, radius = 3 mm) were used to make a graded transducer;, kerfs with 70-µm depth were diced on one side of the plate by a mechanical programmable dicing saw (Thermocarbon, Tcar 864-1) with a 20-µm width hubbed metal blade (ASAHI Diamond Industrial Co., Ltd., Tokyo, Japan). The dicing speeds were 23,000 RPM at 1.0 mm per second. The pitch was 40 µm. A SEM image of the graded ceramics cross section is shown in Fig. 2 . These rectangular graded materials eliminate the technical problem associated with the V grooves.
C. Transducer Fabrication
In this study, we used PbTiO 3 ceramics, and the rectangular kerfs were diced on the one surface. A mixture of silver powder and epoxy was used as the kerf filler of the graded ceramics and the first matching layer of the transducer. Parylene and a lossy conductive epoxy were used as the second matching layer and backing layer, respectively. This recipe of the single-element transducer has been widely known because of its reliable performance [18] , [19] . The designed center frequency for this device was 15∼20 MHz.
The transducers were fabricated using the specified 2-2 partial composite with rectangular kerfs shown in Fig. 2 . A λ/4 silver epoxy matching layer made from a mixture of three parts 2-3 µm silver particles (Adrich Chem. Co., Milwaukee, WI) and 1.25 parts Insulcast 501 epoxy (American Safety Technologies, Roseland, NJ) was cast onto the negative electrode side (diced side) with the aid of an adhesion promoter (Chemlok AP-131, Lord Corp., Erie, PA). This matching layer was centrifuged at 2000 g for 10 minutes to increase the acoustical impedance and to ensure conductivity over the entire active aperture. The material properties of the passive materials and PT ceramics are shown in Tables I and II . After curing, the matching layer was lapped down to approximately λ/4 thickness using a coarse-to-fine grit scheme, with a final lapping particle diameter of 12 µm. A lossy conductive epoxy (E-SOLDER 3022, Von Roll Isola Inc., New Haven, CT) then was cast on the wafer as the backing material. A lathe was used to shape the matching, piezoelectric, and backing layers into the desired acoustic stack diameter. This fabrication step also served to electrically isolate the conductive matching and backing layers. The positive lead wire was secured to the backing layer with an additional amount of conductive epoxy. A brass housing was placed concentrically with the acoustic stack, and an insulating epoxy was poured into the void between the housing and the device. A layer of chrome/gold then was sputtered across the transducer face, and a quarter-wavelength thick Parylene (Specialty Coating Systems, Indianapolis, IN) film was deposited on the gold electrode surface. Final transducers were housed in modified SMA connectors. In order to compare the performance of the graded transducer and regular ceramic transducer, a regular bulk PbTiO 3 ceramic transducer was built. The thickness of the ungraded, flat PbTiO 3 transducer was 140 µm.
III. Finite-Element Analysis
Finite-element analysis (FEA) simulation of the graded ceramics with rectangular kerfs and the transducer fabricated from this material was carried out by PZFlex (Weidlinger Associates Inc, Los Altos, CA) with the following specification: the total thickness of PbTiO 3 ceramics was 150 µm, the depth of the rectangular kerf was 70 µm. The kerf width was 20 µm, and the pillar width between the two kerfs was 20 µm. Water was assumed to be the loading medium in FEA. Electrical impedances of a single graded ceramics without kerf filler, graded material after the filler was applied to the kerfs, and graded transducer are shown in Fig. 3 . Fig. 3(a) is the resonant impedance of a single graded PbTiO 3 plate without kerf filler. Fig. 3(a) shows two resonant impedance peaks, which correspond to the piezoelectric thickness of 80 µm and 150 µm. When the kerfs were filled with the silver epoxy, another resonant peak appeared between the previous two fundamental resonances [ Fig. 3(b) ]. The graded transducer composed of a lossy conductive backing and matching layers of silver/epoxy and Parylene showed a fourth resonant peak [ Fig. 3(c) ]. A traditional piezoelectric resonator has a fundamental resonance and odd-order resonances in the resonant frequency spectrum. The graded material, however, produces two fundamental resonances. Fig. 4 shows the FEA modeling results of pulse-echo performance of the graded transducer. The bandwidth is quite wide, reaching a 95% bandwidth at −6 dB.
IV. Experiments
The acoustic performance of the transducer was tested in a degassed, deionized water bath in pulse/echo mode by reflecting the signal off an X-cut quartz target placed at the near-far field transition point. For pulse/echo measurements, transducer excitation was achieved with a Panametrics (Waltham, MA) model 5900PR pulser/receiver. The reflector waveforms were received and digitized by 500-MHz LC534 Lecroy (Chestnut Ridge, NY) oscilloscope set to 50-Ω coupling. Further information on the experimental arrangement using the Panametrics pulser can be found in [18] [19] [20] [21] . The resonant impedance was measured by a HP 4194A Impedance Analyzer (Hewlett-Packard, Palo Alto, CA). Fig. 5(a) shows the electrical impedance of a single graded PbTiO 3 ceramics with rectangular kerfs. Fig. 5(b) shows the electrical impedance after the kerfs of the graded ceramic were filled with the silver/epoxy filler and a λ/4 silver/epoxy matching layer. Fig. 5(c) shows the result of the final transducer with a second matching layer and backing. The pulse-echo spectra of the graded transducer and the regular bulk ceramic transducer are shown in Figs. 6 and 7 , respectively. The center frequency is at 15 MHz. The −6 dB bandwidths of partial composite graded transducer and regular uniform transducer are 92%, and 56%, respectively (Figs. 6 and 7) . The PZFlex FEA modeling represents a theoretical analysis under ideal conditions, and a discrepancy in the parameters of active piezoelectric, matching, and backing materials might exist between the assumed and real values, resulting in the difference between the FEA and experimental results. Nevertheless FEA is still a convenient tool for looking at the dependence of the transducer performance on the graded piezoelectric and filler materials without actually fabricating the device and doing the experiments.
V. Results and Discussion
The electrical impedance of the graded transducer varies within the 92% bandwidth. The variation of the electrical impedance can cause signal ringing problems for mismatching with standard 50 Ohm. Improving the impedance matching within the band will yield a better pulse-echo performance. The peak-to-peak output voltages (V pp ) of the echoes for the graded transducer and for regular uniform transducer, V graded and V uniform are, respectively, 1.29 V and 2.53 V. Here the Panametrics pulser was kept at the same setting conditions. The difference of the sensitivities between the graded and uniform transducers could be estimated from the output voltages, ∆V pp = 20 × log (V graded /V uniform ) = −5.85 (dB). This means that, although the graded transducer gained a wider bandwidth, its sensitivity was lower by −5.85 dB than that of a uniform, regular transducer.
VI. Conclusions
In this study, rectangular kerfs were diced on the surface of piezoelectric ceramics to make a graded material. The FEA modeling showed that the graded materials give rise to multiple resonances. Two single-element transducers were fabricated to validate the theoretical analyses. The bandwidth of the graded transducer with the rectangular kerfs was 92%, but the regular uniform transducer was 56%; the sensitivity of the graded transducer dropped. The experimental results are consistent with the theoretical results. The graded material can be manufactured easily and has a lower acoustic impedance. Graded piezoelec- 
